Abstract. Considering the joint contribution of long non-coding RNAs (lncRNAs) and microRNAs (miRNAs/miRs) to tumorigenesis, the aim of the present study was to investigate whether and how lncRNA H19 targets miR-29b-3p to affect the progression of lung adenocarcinoma by the modulation of signal transducer and activator of transcription 3 (STAT3). A total of 305 lung adenocarcinoma tissues and four human lung adenocarcinoma cell lines (i.e. Calu-3, NCI-H1975, A549 and NCI-H23) were used. pcDNA3.1-H19, short interfering RNA (si-)H19, miR-29b-3p mimic, miR-29b-3p inhibitor and negative control (NC) were transfected into the cells, and the proliferation, viability and apoptosis of the cells were determined using a Cell Counting Kit-8 assay, colony formation assay and flow cytometry, respectively. The results indicated that highly expressed H19 and poorly expressed miR-29b-3p could serve as predictors for the poor prognosis of lung adenocarcinoma patients. Additionally, si-H19 and miR-29b-3p mimic significantly increased the apoptosis of lung adenocarcinoma cells, and decreased the survival rate and viability of cells. Simultaneously, expression of epithelial-mesenchymal transition (EMT)-specific proteins was significantly altered, i.e. increased epithelial cadherin expression, as well as decreased vimentin, Snail and Slug expression. Furthermore, miR-29b-3p was verified to be targeted and regulated by H19, and STAT3 was targeted and modified by miR-29b-3p. Ultimately, STAT3 was identified to decrease lung adenocarcinoma cell viability, survival, apoptosis and EMT imposed by miR-29b-3p. In conclusion, the results of the present study indicated that lncRNA H19/miR-29b-3p/STAT3 signaling was involved in the development of lung adenocarcinoma, which may be critical for developing effective diagnostic and treatment strategies for lung adenocarcinoma.
Introduction
Owing to differentiated stages and morphological characteristics, lung cancer may be classified into small cell lung cancer and non-small cell lung cancer (NSCLC) (1) . NSCLC cases account for <85% of all lung cancer cases, and are currently treated primarily by surgery and chemotherapy (2, 3) . However, the typically late diagnosis of lung cancer has led to a relatively low 5-year survival rate of 15%, therefore identification of novel biomarkers for diagnosing early-stage lung cancer is of high importance (4) . In addition, development of biomarkers also satisfies the requirements for personalized treatment, which might assist in specific diagnosis and treatment of NSCLC (5) .
With the progress of human genome sequencing, it was observed that merely 2% of total RNA could be translated into proteins, and other RNAs that were not transcribed were classified as non-coding RNA (ncRNA) (6, 7) . ncRNAs may be divided into housekeeping ncRNAs and regulatory RNAs, and the latter are further subcategorized into small ncRNAs (<200 nt) and long non-coding RNAs (lncRNAs; ≥200 nt) (8) .
The reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is the standard technique for detecting lncRNA expression, owing to its high sensitivity and precision (9) . The aberrantly expressed lncRNAs were extrapolated to be associated with human disorders (10), since they were involved with a number of biological processes, including X-chromosome inactivation, reactivation of pluripotent stem cells, differentiation of myocytes, cell apoptosis and cell invasion (11) (12) (13) . Of note, it has been identified that development of lung cancer was accompanied by varied expression of lncRNAs, and certain lncRNAs have been identified as principal biomarkers for lung cancer development (14, 15) . For instance, expression of lncRNA H19 was increased with increased tumor size and advanced tumor-node-metastasis (TNM) staging when NSCLC tissues were investigated (16) . Additionally, H19 promoted epithelial-mesenchymal transition (EMT) and metastasis of lung cancer cells by decreasing E-cadherin expression and facilitating Slug expression (17, 18) . These previous studies all indicate that H19 is involved in the etiology of lung cancer, including lung adenocarcinoma.
In addition, lncRNAs were hypothesized to act on microRNAs (miRNAs/miRs) in various ways (19, 20) . For example, H19 was documented to sponge miR-200b/c in mediating EMT of breast cancer cells, whereas the reverse transition was triggered when H19 sponged let-7b (21) . H19 could also directly target miR-29b-3p to boost metastasis of bladder cancer cells by downregulating DNA methyltransferase 3B expression (22) . Of note, miR-29b-3p was identified to antagonize the aggravation of NSCLC (23) , and signal transducer and activator of transcription 3 (STAT3), the downstream target molecule of miR-29b-3p, exhibited an increase in expression in lung cancer cells (24) . However, few studies have stated clearly whether H19 could function on miR-29b-3p and STAT3 to modify the pathogenesis of lung adenocarcinoma.
Thus, the aim of the present study was to preliminarily elucidate the underlying mechanism between H19/miR-29b-3p/STAT3 axis and the development of lung adenocarcinoma, which may assist in identifying potential biomarkers for diagnosing and treating lung adenocarcinoma.
Materials and methods
Chip analysis. starBase software (version 2.0; starbase. sysu.edu.cn) (25) was applied to compare H19 expression between cancer tissues and normal tissues, and to predict the downstream miRNA of H19. Using this software, the expression data of H19 and miR-29b-3p within lung adenocarcinoma tissues were drawn from The Cancer Genome Atlas project (cancergenome.nih.gov) by way of the Genomic Data Commons Data Portal (portal.gdc.cancer. gov). Furthermore, the potential target sites of H19 and miR-29b-3p were predicted using miRanda (www.miranda. org), and were investigated further on basis of consideration of Argonaut (Ago) cross-linking immunoprecipitation clusters. The Ago protein could greatly influence miRNA processing and miRNA-derived cleavage within animals (26, 27) , thereby affecting the target sites between lncRNAs and miRNAs.
Collection of samples.
A total of 305 lung adenocarcinoma tissues were collected from patients who underwent surgical excision in The First Affiliated Hospital of Jinzhou Medical University (Jinzhou, China) between March 2016 and January 2017. The lung adenocarcinoma subjects were diagnosed according to the standards of the 2015 World Health Organization classification (28) , in which the definition of adenocarcinoma has been modified, and thereby the probability of NSCLCs diagnosed as adenocarcinoma was increased. The normal pulmonary tissues obtained as the control group were located >3 cm from the lung adenocarcinoma tissues. The present study was approved by the ethics committee of The First Affiliated Hospital of Jinzhou Medical University and all patients provided written informed consent.
Cell culture. Human lung adenocarcinoma cell lines (Calu-3, NCI-H1975, A549 and NCI-H23) and normal lung cell line (HLF-a) were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were seeded in Dulbecco's modified Eagle's medium (HyClone; GE Healthcare, Logan, UT, USA) containing 10% fetal bovine serum, 1x10 5 U/l penicillin and 1x10 5 U/l streptomycin. The cells were cultured in 5% CO 2 and 90% humidity at 37˚C. Colony formation assay. Calu-3 and NCI-H1975 cell lines were inoculated into 6-well plates at a density of 1,000 cells/well. Following continuous culture for 10 days, the cells were fixed with methanol for 20 min. Finally, the cells were stained with crystal violet (Sigma-Aldrich; Merck KGaA) for 15 min, and the number of colonies that included >50 cells was determined using an inverted light microscope (Leica Microsystems GmbH, Wetzlar, Germany) at x100 magnification.
RT-qPCR.
Cell proliferation assay. Calu-3 and NCI-H1975 cell lines were seeded in 96-well plates at a density of 2,500 cells/well. At 24, 48, 72 and 96 h after inoculation, Cell Counting Kit-8 (CCK-8) solution was added to each well (Abmole Bioscience Inc., Houston, TX, USA) at 10 µl/well. Following incubation at 37˚C for 1 h, the absorbance at 450 nm was determined to calculate the cell proliferation rate.
Cell apoptosis assay. Calu-3 and NCI-H1975 cell lines were resuspended in 500 µl binding buffer, and were stained with 5 µl Annexin V-fluorescein isothiocyanate (FITC) and 10 µl propidium iodide (PI) in the dark for 15 Dual-luciferase reporter gene assay. The H19 fragments that contained specific miR-29b-3p-binding sites were cloned into the pmirGLO dual-luciferase expression vector (Promega Corporation, Madison, WI, USA), through which pmirGLO-H19-Wt was formed. Furthermore, the same binding sites of miR-29b-3p in H19 were mutated to construct pmirGLO-H19-Mut. Using a similar approach, pmirGLO-STAT3-Wt that contained miR-29b-3p-binding sites and pmirGLO-STAT3-Mut vectors were constructed. Cells that had been transfected with pmirGLO-H19-Wt, pmirGLO-H19-Mut, pmirGLO-STAT3-Wt, pmirGLO-STAT3-Mut or pmirGLO vector were, respectively, transfected with miR-29b-3p mimic and miR-NC. At ~48 h after transfection, luciferase activity was determined using the Dual-Luciferase Reporter assay system (Promega Corporation).
Statistical analysis. All statistical analyses were performed using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). The measurement data that conformed to normal distribution are expressed as the mean ± standard deviation, and the enumeration data are represented as the frequency or percentage. Inter-group comparisons among the measurement data were performed using Student's t test or analysis of variance with a Bonferroni post hoc test, whereas the enumeration data were compared using a χ 2 test. The correlations between H19 expression and miR-29b-3p expression, as well as between miR-29b-3p expression and STAT3 expression, were determined by performing Spearman's rank correlation test. Furthermore, the Kaplan-Meier method was utilized to calculate the accumulative survival rate of patients with lung adenocarcinoma, with the log-rank test adopted for univariate analysis of prognostic factors. The Cox regression model was used for the multivariate analysis, to determine the association of H19/miR-29b-3p expression with clinicopathological features and overall survival of patients with lung adenocarcinoma. P<0.05 was considered to indicate a statistically significant difference.
Results

Comparison of H19 and miR-29b-3p expression between lung adenocarcinoma tissues/cells and normal tissues/cells.
The chip analysis results collected from The Cancer Genome Atlas starBase (version 2.0) data portal indicated that H19 expression in lung cancer tissues was significantly increased compared with in paracarcinoma tissues (P<0.05) and that there was a negative correlation between H19 expression and miR-29b-3p (Fig. 1) . It was also identified that H19 expression was significantly increased in the lung adenocarcinoma tissues collected compared with in adjacent paracancerous tissues (P<0.05), and miR-29b-3p expression in lung adenocarcinoma was significantly decreased compared with in adjacent paracancerous tissues (P<0.05) ( Fig. 2A) . Furthermore, H19 expression in Calu-3, NCI-H1975, A549 and NCI-H23 cell lines were also increased compared with that in the HLF-a cell line (P<0.05); in contrast, the expression of miR-29b-3p was significantly decreased in the cancer cell lines compared with in the HLF-a cell line (P<0.05) (Fig. 2B) . Since the expressions of H19 and miR-29b-3p were altered most significantly within Calu-3 and NCI-H1975 cell lines when compared with HLF-a cell line, these cell lines were selected for the subsequent cell experiments. In addition, Spearman's rank correlation analysis identified that there was a negative correlation between miR-29b-3p expression and H19 expression among the lung adenocarcinoma tissues investigated (P<0.05; Fig. 2C ). Clinicopathological analyses identified that increased H19 expression and decreased miR-29b-3p were associated with longer tumor diameter, more advanced TNM stage and invasive lung carcinoma (P<0.05; Table II , Fig. 2D and E) . The results of multivariate analyses also indicated that H19 expression, miR-29b-3p expression, tumor diameter and TNM staging could serve as the independent predictors for poor survival rate of patients with lung carcinoma patients (all P<0.05; Table III ).
H19 and miR-29b-3p regulate proliferation, viability and apoptosis of lung adenocarcinoma cells. H19 expression in Calu-3 and NCI-H1975 cells was significantly increased following transfection with pcDNA3.1-H19 (P<0.05), yet it was significantly decreased following transfection with si-H19 (P<0.05) (Fig. 3A) . Similarly, miR-29b-3p expression was significantly increased and decreased following Table II . Association between clinicopathological characteristics and lncRNA H19/miR-29b-3p expression in patients with lung adenocarcinoma. Significant P-values are in bold. lncRNA; long non-coding RNA; miR, microRNA; TNM, tumor-node-metastasis; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma.
transfection with miR-29b-3p mimic and miR-29b-3p inhibitor, respectively (P<0.05; Fig. 3B ). In accordance with the results of CCK-8, flow cytometry and colony formation assays, the proliferation, viability and survival of Calu-3 and NCI-H1975 cell lines in the si-H19 group were significantly decreased, compared with those in the si-NC group (P<0.05; Fig. 4A ). Conversely, following transfection of pcDNA3.1-H19, the Calu-3 and NCI-H1975 cell lines exhibited significantly decreased apoptosis, along with significantly increased proliferation and viability, Table III . Association between clinical characteristics and overall survival of patients with lung adenocarcinoma patients.
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H19 and miR-29b-3p modify the expression of EMT-specific proteins in lung adenocarcinoma cells.
As the western blot results indicated, the expression of epithelial marker (i.e. E-cadherin) in the miR-29b-3p mimic group was increased significantly (P<0.05), whereas the expression of interstitial markers, including vimentin, Snail and Slug, was significantly decreased (P<0.05) in the Calu-3 and NCI-H1975 cell lines (Fig. 5B) . Distinct from the miR-29b-3p mimic group, Calu-3 and NCI-H1975 cells of the miR-29b-3p inhibitor group were observed with significantly increased vimentin, Snail and Slug expression, as well as significantly decreased E-cadherin expression (P<0.05; Fig. 5B) . Furthermore, the decrease in H19 expression in Calu-3 and NCI-H1975 cell lines induced a significant decrease in vimentin, Snail and Slug expression, and a significant increase in E-cadherin expression (P<0.05; Fig. 5B ).
H19 targets miR-29b-3p to decrease its expression.
It was predicted using starBase software that H19 could target miR-29b-3p at chr11: 2017218-2017240 and chr11: 2017218-2017320 (Fig. 6A) . Furthermore, the dual-luciferase reporter gene assay conducted utilizing Calu-3 and NCI-H1975 cell lines indicated that transfection of pmirGLO-H19-Wt and miR-29b-3p mimic could induce significantly decreased luciferase activity compared with cells transfected with pmirGLO-H19-Wt and miR-NC (P<0.05; Fig. 6B ). No evident difference in luciferase activity of the pmirGLO-H19-Mut+miR-29b-3p mimic group from that of pmirGLO-H19-Wt+miR-NC group was observed. Furthermore, RT-qPCR results indicated that increased H19 expression may significantly decrease the expression level of miR-29b-3p in Calu-3 and NCI-H1975 cell lines (P<0.05; Fig. 6C ). However, there was limited effect on H19 expression, whether miR-29b-3p expression was increased or decreased (P<0.05) (Fig. 6D) .
STAT3 is modified by miR-29b-3p in lung adenocarcinoma
cells. STAT3 expression in lung adenocarcinoma cells was positively correlated with H19 expression (P<0.05), yet it appeared to be negatively correlated with miR-29b-3p expression (P<0.05) (Fig. 7A) . In addition, overexpressed H19 and underexpressed miR-29b-3p could contribute to abnormally overexpressed STAT3 in Calu-3 and NCI-H1975 cell lines (P<0.05; Fig. 7B) . Furthermore, the luciferase activity of miR-29b-3p mimic binding to pmirGLO-STAT3-Wt was significantly increased compared with that in cells co-transfected with miR-29b-3p mimic and pmirGLO-STAT3-Mut (P<0.05), and the latter revealed luciferase activity that was not significantly different from that of the pmirGLO-STAT3-Wt+miR-NC group (Fig. 7C) .
STAT3 is modified by H19 and miR-29b-3p in altering viability, proliferation and apoptosis of lung adenocarcinoma cells, as well as the EMT-specific proteins in lung adenocarcinoma cells.
It was observed that the proliferation and viability of Calu-3 and NCI-H1975 cell lines in the miR-NC+STAT3 group were significantly increased compared with those of the miR-NC group (P<0.05; Fig. 8) , and the apoptotic rate of the miR-NC+STAT3 group was below that of miR-NC group (P<0.05; Fig. 9A ). Regarding the expression of EMT-specific proteins, it was identified that the miR-NC+STAT3 group significantly increased vimentin, Snail and Slug expression, as well as decreased E-cadherin expressions, when compared with miR-NC group (P<0.05; Fig. 9B ). These results therefore suggested that STAT3 inhibits the effect of miR-29b-3p on the viability, proliferation, apoptosis and EMT of lung adenocarcinoma cells. 
Discussion
Primary bronchial carcinoma, also known as lung cancer, is a major cause of mortality (30, 31) , and the prevalence of its one pathological pattern (i.e. lung adenocarcinoma) is increasing (32) . Although traditional therapies for lung adenocarcinoma, such as surgery, chemotherapy and radiotherapy, have been performed, 5-year survival rate of patients remains low at ~10% (2). Among them, resistance to chemotherapies appears to be the factor limiting the recovery of patients with lung adenocarcinoma patients, and certain lncRNAs and miRNAs have been identified to participate in the underlying molecular mechanism (33, 34) . Notably, alterations in cell viability, survival, apoptosis and EMT proteins may also guide the chemoresistance of tumor cells in a different direction. Thus, in the present study, the role of lncRNA H19 and miR-29b-3p in regulating EMT, viability and apoptosis of lung carcinoma cells was investigated.
H19 was initially identified by Bartolomei et al in 1991 (35) , and it was revealed to underlie the development process of bladder carcinoma, hepatocellular carcinoma, breast cancer and lung cancer (35) (36) (37) (38) . For example, H19 expressed in NSCLC tissues was increased ~2-fold compared with in adjacent normal tissues (39, 40) . The present study also revealed similar results, and it also demonstrated that patients with lung adenocarcinoma with higher H19 expression exhibited an increased survival rate compared with those with lower H19 expression. With regard to the in vitro experiments, H19 was revealed to promote metastasis and proliferation of lung adenocarcinoma cells, which led to decreased sensitivity of the cells to cisplatin (40) . Similar to this result, the present study also revealed that upregulated H19 expression could increase cell viability, cell proliferation and expression of EMT-specific proteins in cells, as well as decrease cell apoptosis. Of note, a previous study identified that the H19 promoter intensified by c-myc could facilitate the proliferation of lung cancer cells by increasing miR-107 expression (39) . In the present study, it was identified that H19 could suppress miR-29b-3p expression in lung carcinoma cells, which also resulted in increased viability and proliferation, along with decreased apoptosis of the neoplastic cells. It was thus suggested that H19 may interact with various miRNAs to modify the activity of lung .05 vs. negative control. In (B), the spaces between lanes marked by pcDNA3.1 and si-H19, as well as between lanes marked by si-NC and miR-29b-3p inhibitor indicate that the samples were run on different gels. Other spaces between lanes and between rows indicate that irrelevant lanes have been excised. EMT, epithelial-mesenchymal transition; si, short interfering RNA; NC, negative control; miR, microRNA; E-cadherin, epithelial cadherin. adenocarcinoma cells, and other downstream molecules require further investigation. Nevertheless, the present study was limited by not establishing mouse models to verify the effects of H19 and miR-29b-3p on the progression of lung adenocarcinoma, as in a previous study (41) . One point that should be underlined is how H19 acts on miR-29b-3p to regulate the development of lung adenocarcinoma. Salmena et al (19) proposed a competing endogenous RNA hypothesis that mRNAs, pseudogenes, lncRNAs and other endogenous RNAs could competitively combine with the same miRNA with their specific miRNA-binding sites, thereby limiting the inhibitory effect of miRNA on the mRNA of target genes and increasing the expression of target genes. Consistent with this hypothesis, the present study also identified that H19 had a 'sponging' function (42) , and H19 could target miR-29b-3p to limit its expression. In addition, the aforementioned miR-29b was previously identified to participate in the modulation of cell apoptosis, the cell cycle and cell metastasis (43, 44) . In particular, abnormally increased expression of miR-29b decreased the proliferation, migration and invasion of lung cancer cells by <30% (45) . Furthermore, miR-29b-3p expression was significantly decreased in pancreatic carcinoma cells when compared with in normal cells, and upregulation of miR-29b-3p expression could significantly limit proliferation of the cells (46) . These results were verified in the present study, and it was concluded that miR-29b-3p, which was regulated by H19, could suppress proliferation, viability and EMT, and promote the apoptosis of lung carcinoma cells.
In addition, the present study also indicated that STAT3 was the target gene of miR-29b-3p, and miR-29b-3p could directly regulate STAT3 expression. As a component of the Janus kinase signaling pathway, STAT3 appears to be critical for cancer onset and progression in the tumor microenvironment (47, 48) . More specifically, activation of STAT3 usually either increased cell proliferation and survival or decreased cell apoptosis (49, 50) . Consistently, the present study indicated that the STAT3 activated by H19 and miR-29b-3p allowed increased proliferation and decreased apoptosis of the lung adenocarcinoma cells, as well as activated EMT-specific protein expression in the cells. As for whether H19, miR-29b-3p and STAT3 could alter metastasis of lung adenocarcinoma cells via induction of the EMT process (51), further investigation is required.
In summary, the H19/miR-29b-3p/STAT3 axis could affect EMT, apoptosis, proliferation and viability of lung carcinoma cells, which potentially reveals the underlying molecular mechanism of lung adenocarcinoma. The results may provide a foundation for developing a complete strategy for diagnosing and treating lung carcinoma. However, the present study was limited by the small size of the clinical samples analyzed, which may not be applicable to the wider population. Furthermore, relevant animal models to validate the study results were not established. Thirdly, since the progression of lung adenocarcinoma resulted from mixed effects of various genes, additional downstream and upstream genes require investigation. In addition, although it is hypothesized that H19 and miR-29b-3p may function to interfere with the chemosensitivity of lung adenocarcinoma cells on the basis of their molecular mechanisms, to the best of our knowledge, this has not been investigated. Finally, since there are limited standards formulated to unify the results of diverse methods, there may be misunderstanding when experimental results that were focused on one point were compared, such as detection methods for lncRNAs. Therefore, further in-depth investigations are still required.
